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A b s t r a c t  
The d e t e r m i n a t i o n  o f  t h e  s i z e  o f  o c e a n i c  a i r  b u b b l e s  p r o d u c e d  by  w h i t e c a p s  a n d  w a v e - b r e a -  
k i n g  i s  o f  g r e a t  i m p o r t a n c e  f o r  p r e d i c t i n g  t h e  ~ r o d u c t i o n  o f  l i q u i d  a e r o s o l s  a t  t h e  s e a  
s u r f a c e .  T h e s e  l i q u i d  a e r o s o l s  a r e  a t  t h e  o r i g i n  o f  m o s t  o f  t h e  p a r t i c u l a t e  m a t e r i a l s  e x c h a n -  
ged h e t w e e n  t h e  o c e a n  a n d  t h e  a t m o s p h e r e .  As no s t a n d a r d  m e a s u r e m e n t  t e c h n i q u e s  a r e  p r e s e n t l y  
a v a i l a b l e ,  a p r o t o t y p e  h a s  b e e n  e s p e c i a l l y  d e s i g n e d  a n d  b u i l t  u s i n g  a n  o p t i c a l  t e c h n i q u e .  
T h i s  t e c h n i q u e  i s  b a s e d  o n  t h e  p r i n c i p l e  o f  l i g h t  s c a t t e r i n g  a t  a n  a n g l e  o f  n i n e t y  d e g r e e s  
f r o m  t h e  i n c i d e n t  l i g h t  beam.  The o u t p u t  v o l t a g e  i s  a  d i r e c t  f u n c t i o n  o f  t h e  b u b b l e  d i a m e t e r .  
C a l i b r a t i o n  o f  t h e  p r o b e  h a s  b e e n  c a r r i e d  o u t  w i t h i n  a  r a n g e  o f  3 0 0  ,dm t o  1 .2  mm. B u b b l e s  a r e  
p r o d u c e d  by  w a v e - b r e a k i n g  i n  a  l a r g e  a i r - s e a  i n t e r a c t i o n  s i m u l a t i n g  h c i l i t y .  E x p e r i m e n t a l  
r e s u l t s  a r e  g i v e n  i n  t h e  f o r m  o f  s i z e  s p e c t r u m .  
I n t r o d u c t i o n  i 
l o  ' 
The p r o d u c t i o n  o f  m a r i n e  a e r o s o l s ,  r e s p o n s i b l e  f o r  t h e  t r a n s f e r  o f  l a r g e  q u a n t i t i e s  ( 1 0  
t o n s  f o  s a l t  p e r  y e a r )  o f  m a t e r i a l s  f r o m  t h e  o c e a n  t o  t h e  a t m c s p h e r e ,  is  governed by t h e  b u r s t i n g  
t i n g  i f  a i r  b u b b l e s  a t  t h e  a i r - s e a  i n t e r f a c e .  T h e s e  a i r  b u b b l e s  a r e  p r o d u c e d  in bulk Sea Water 
by  w a v e - b r e a k i n g .  A f t e r  a  v a r i a b l e  l i f e - s p a n  i n  w a t e r ,  t h e  b u b b l e s  move up t o  t h e  s u r f a c e .  
b u r s t  a n d  p r o d u c e  e i t h e r  j e t  d r o p s  ~t f i l x  d r o p s  o r ,  mos t  commonly,  b o t h  s i m u l t a n e o u s l y .  The 
p r o d u c t i o n  o f  w a t e r  d r o p l e t s  d e p e n d s  on  t h e  s i z e  o f  t h e  g e n e r a t i n g  a i r  b u b b l e .  C o n s e q u e n t l y  
we h a v e  t o  d e t e r m i n e  t h e  s i z e - d i s t r i b u t i o n ,  t h e  c o n c e n t r a t i o n  a n d  t h e  i n j e c t i o n  d e p t h s  o f  
t h i s  a i r  b u b b l e  p o p u l a t i o n  i n  o r d e r  t o  b e  a b l e  t o  p r e d i c t  t h e  p r o d u c t i o n  o f  m a r i n e  a e r o s o l s  
u n d e r  v a r y i n g  wind  c o n d i t i o n s .  T h i s  i s  o f  f u n d a m e n t a l  i m p o r t a n c e  f o r  o u r  p h y i i c o - c h e m i c a l  
e n v i r o n m e n t .  
The p h y s i c a l  m e c h a n i s m s  o f  b u b b l e  a n d  d r o p  p r o d u c t i o n  
When t h e  wind  s p e e d  i s  h i g h  e n o u g h ,  t h e  w a v e s  become u n s t a b l e  a n d  b r e a k .  T h i s  l e a d s  t o  t h e  
p r e s e n c e  o f  w h i t e c a p s  a t  t h e  s e a  s u r f a c e  a n d  t h e  p e n e t r a t i o n  o f  a i r  b u b b l e s  i n t o  b u l k  s e a  wa- 
t e r .  A l t h o u g h  t h e  m e c h a n i s m  by w h i c h  t h e s e  b u b b l e s  a r e  i n t r o d u c e d  i n  w a t e r  i s  n o t  y e t  c l e a r ,  
i t  i s  t h o u g h t  t h a t  . t h e i r  p r e s e n c e  m i g h t  r e s u l t  p r i n c i p a l l y  f r o m  t h e  t h r e e  f o l ! o w i n g  p r o c e s -  
s e s  : i )  t h e  f o r m a t i o n  o f  a  r o l l e r  a t  t h e  g a v e  c r e s t  e n g u l f s  a c e r t a i n  amoun t  o f  a i r  w h i c h  1 % 
i s  b r o k e n  up i n  t h e  w a t e r .  T h i s  l e a d s  t o  t h e  p r e s e n c e  o f  l a r g e r  b u b b l e s  c l o s e  t o  t h e  s e a  t 
s u r f a c e .  !. 
i i )  t h e  wave c r e s t  p r o d u c e s  a  p l u n g i n g - l i k e  l i q u i d  j e t  w h i c h  p e n e t r a t e s  t h e  s e a  w a t e r  
a n d  l e a d s  t o  t h e  p r o d u c t i o n  o f  b u b b l e s  o f  v a r i o u s  s i z e s  a t  v a r i o u s  d e p t h s .  
I !. 
i 
i i i )  t h e  t w o - p h a s e  f l o w  r o l l e r  o f  t h e  b r e a k i n g  wave s l i d e s  uown by g r a v i t y  a l o n g  t h e  
wave s l o p e .  T h i s  g r a v i t a t i o n a l  a c t i o n  c o m b i n e d  w i t h  t h e  h o r i z o n t a l  s h e a r  s t r e s s e s  p r o d u c e d  
a t  t h e  b a s e  o f  t h e  r o l l e r  i n t r o d u c e s  a  1  r g e  number  o f  a i r  b u b b l e s  n e a r  t h e  t h r o w  o f  t h e  w a v e ,  
I 
a j u s t  a s  i n  t h e  c a s e  o f  a n  h y d r a u l i c  jump . 1 
The i n j e c t e d  b u b b l e s  a r e  c a r r i e d  downwards  by  means  of  a  w a t e r  f l o w  i n  o n e  o r  a c o m b i n a -  
t i o n  o f  t h e  a b o v e  p a t t e r n s .  
D u r i n g  t h e i r  l i f e - s p a n  i n  w a t e r  ( s e e  f i g u r e  I ) ,  t h e s e  a i r  b u b b l e s  w i l l  b e , e x p o s e d  t o  
d y n a m i c  f o r c e s  ( d r i f t  c u r r e n t s ,  o r b i t a l  m o v e m e n t s ) ,  m a s s  e x c h a n g e s  ( g r o w t h  o r  d i s s o l u t i o n )  
sad c h e m i c a l  r e a c t i o n s  ( c o l l e c t i o n  o f  s u r f a c t a n t s  a t  t h e i r  i n t e r f a c e ) * .  
Owing t o  b u o y a n c y  f o r c e s ,  t h e s e  b u b b l e s  r e t u r n  t o  t h e  s e a  s u r f a c e  a n d  b r e a k .  T h i s  b r e a -  
k i n g  l e a d s  h e  f o r m a t i o n  o f  two  f a m i l i e s  o f  d r o p l e t s .  t h e  s o - c a l l e d  * ' f i l m  d r o p s "  a n d  
" j e t  d r o p s  It!; 8. 
I 
I '  
* ~ e s e a r c h  d o n e  a t  t h e  " I n r t i t u t  d e  H g c a n i q u e  S t a t i s t i g u e  d e  l a  T u r b u l e n c e " .  L a b o r a t o i r c  a s r o -  
c i i  a u  CNRS, U n i v e r s i t g  d ' A i x - H a r r e i l l e ,  1 3 0 0 3  H a r r e i l l e ,  F r a n c e .  i 
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F i l m  d r o p r  a r e  m i c r o n i c  i n  r i z e .  T h e i r  number i r  a n  i n c r e a r i n g  f u n c t i o n  o f  t h e  g e n e r a t i n g  
b u b b l e  d i a m e t e r .  J e t  d r o p r  a r e  of a  r i s e  a p p r o x i m a t e  t o  1 / 1 0  o f  t h e  d i a n e t c r  o f  t h e  g e n e r a -  
t i n g  b u b b l e  and t h e i r  number i r  d e c r e a r i n g  f u n c t i o n  of t h e  s i z e  o f  t h e  g e n e r a t i n g  b u b b l e .  T O  
d a t e  l i t t l e  i s  y e t  known a b o u t  t h e r e  two f u n c t i o n r  due  t o  t h e  l a r g e  number o f  p a r a m e t e r 8  
i n v o l v e d .  
I t  i n  t o  be  n o t e d  t h a t  t h e  b u r r t i n 8  phenomenon i r  r t r o n g l y  d e p e n d e n t  on t h e  c h e m i c a l  
c o m p o r i t i o n  o f  t h e  i n t e r f a c i a l  m i c r o l a y e r .  
To rummar ize ,  t h e  p r o d u c t i o n  of  m a r i n e  l i q u i d  a e r o r o l r  a p p e a r s  t o  r e s u l t  f r o m  a  " c a s c a d e "  
o r  " c h a i n "  p r o c e r r 5  a s  s c h e m a t i c a l l y  rhown on F i g u r e  2 .  
From t h e  above  d e s c r i p t i o n  i t  a p p e a r r  e v i d e n t  t h a t  t h e  d e t e r m i n a t i o n  o f  b u b b l e  c h a r a c t i -  
r i r t i c r  ouch a s  r i z e ,  i n j e c t i o n  d e p t h  and c o n c e n t r a t i o n ,  i s  o f  a  p a r t i c u l a r  i m p o r t a n c e .  
The measurement  o f  b u b b l e  r i z e  
To d a t e  few i n v e r t i g a t o r s  have  t r i e d  t o  u s e  v a r i o u r  t e c h n i q u e s  t o  m e a s u r e  o c e a n i c  a i r  
b u b b l e  s i z e .  An a c o u r t i c  t c h n i g u e  war u r e d  by Fledwin6, a  t r a p p i n g  t e c h n i q u e  by B l a n c h a r d  and  
W o ~ d c o c k 7  and by K o l o v a y e v ~  and  a  p h o t o g r a p h i c  method war used  by J o h n r o n  and ~ o o k e g .  The 
r e s u l t s  of  t h e r e  measurements  have  b e e n  c a r e f u l l y  r e v i e w e d  and compared by wulO.  The n e t  r e -  
s u l t ,  however ,  i s  t h a t  more s y s t e m a t i c  measurements  must b e  o b t a i n e d  by means of  a  r e l i a b l e  
and p r o v e n  t e c h n i q u e .  
A f t e r  r e v i e w i n g  t h e  v a r i o u s  techniques a v a i l a b l e  f o r  d e t e c t i n g  b u b b l e  s i z e  w i t h i n  t h e  
r a n g e  5 0  t o  5 m m ,  a  l o c a l  o p t i c a l  p r o b e  was c elect id!^ 
1 - The p r i n c i p l e  of o p e r a t i o n  
The p r i n c i p l e  o f  o p e r a t i o n  o f  t h e  o p t i c a l  p r o b e  i r  b a s e d  on t h e  measurement  o f  t h e  l i g h t  
f l u x  r c a t t e r e d  a t  an a'ngle of n i t i e t y  d e g r e e s  from t h e  i n c i d e n t  l i g h t  beam when a  b u b b l e  i r  
p a r s i n g  t h r o u g h  t h e  " s e n s i n g "  volume.  I n  t h e  d i a m e t e r  r a n g e  c o n r i d e r e d ,  t h e  o u t p u t  s i g n a l ,  
a  d i r e c t  f u n c t i o n  of  t h e  s c a t t e r e d  f l u x ,  i s  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  b u b b l e  d i a m e t e r .  
A s i m p l e  c a l i b r a t i o n  o f  t h e  p r o b e  p e r m i t r  one t o  know t h e  c o e f f i c i e n t  o f  p r o p o r t i o n a l i t y .  
2  - C h a r a c t e r i s t i c s  o f  t h e  p r o b e  
The o p t i c a l  p r o b e  i s  s c h e m a t i c a l l y  r e p r e s e n t e d  on F i g u r e  3.  The l i g h t  r o u r c e  i r  made of  
a  2  mW He - Ne l a s e r  t u b e .  The s e n s i n g  volume.  d e t e r m i n e d  by t h e  s l i t  Dl and t h e  d i a p h r a g m  D2 
a p p r o x i m a t e l y  c y l i n d r i c a l  i n  s h a p e  w i t h  a  500 u m  d i a m e t e r  and a  300 um h e i g h t  ( s e e  F i g u r e  4). 
The l i g h t  i n t e n s i t y  s h o u l d  be  unLformly  d i s t r i b u t e d  i n  t h i s  s e n s i n g  vo lume.  T h i s  i s  a c h i e v e d  
by t h e  p r e s e n c e  of t h e  two above-ment ioned  d i a p h r a g m s  Dl and D2. 
.I 
I t  i s  i m p o r t a n t  L O  m e n t i o n  t h a t  i t ' i r  n o t  t h e  r e a l  b u b b l e  d i a m e t e r  d  which  i s  d e t e c t e d ,  
b u t  o n l y  t h e  image of  t h e s e  d i a p h r a g m s  t h r o u g h  t h e  l e n s e r  i n  t h e  b u b b l e .  T h i r  l e a d r  t o  a n  
a p p a r e n t  d i a m e t e r  kd o f  t h e  b u b b l e ,  where  k  i s  i n d e p e n d e n t  o f  d  and ( h e r e )  o f  t h e  o r d e r  o f  
1 /20 .  T h i s  e n a b l e s  one t o  measure  b u b b l e s  w i t h  a  d i a m e t e r  l a r g e r  t h a n  t h e  " r e n r i n ~ "  volume.  
%+ The l a s e r  s o u r c e ,  t h e  o p t i c a l  s y s t e m ,  t h e  p h o t o a m p l i f i e r  and i t r  a r s o c i a t e d  e l e c t r o n i c s  
a r e  g a t h e r e d  i n  a p a r a l l e l e p i p r d i c  w a t e r p r o o f  s t a i n l e s s  s t e e l  c a r e  o f  5  cm x  10 cm x  30 cm 
( s e e  F i g u r e  4 ) .  A more d e t a i l e d  d e s c r i p t i o n  of  t h e  p r o b e  i r  g i v e n  by A v e l l a n l l .  
3 - C a l i b r a t i o n  o f  t h e  p r o b e  
iC. 
* .  
As ment ioned  a b o v e ,  c a l i b r a t i o n  of  t h e  p r o b e  i r  n e c e r r a r y  i n  o r d e r  t o  c o n v e r t  t h e  o u t p u t  
6' s i g n a l  v o l t a g e  i n t o  b u b b l e  d i a m e t e r .  F o r  t h i s  c a l i b r a t i o n ,  b u b b l e r  o f  a  g i v e n  and u n i f o r m  d i a m e t e r  a r e  p roduced  by means of c a p i l l a r y  g l a s s - t u b e r  i n  a u n i t  e s p e c i a l l y  b u i l t  f o r  t h i s  & p u r p o s e  ( s e e  F i g u r e  5 ) .  
S p 5 c i a l  c a r e  war g i v e n  s o  t h e t  t h e  b u b b l e  c o m p l e t e l y  c r o p ~ e d  t h e  " r e n r i n g "  vo lume.  A few 
t h o u s a n d  b u b b l e s  were s o  p r o d u c e d ,  t h e i r  number c a r e f u l l y  r e .  rded  and t h e  t o t a l  volume o f  
a i r  measured  w i t h  a c a l i b r a t e d  g l a r e  t u b e .  I t  war t h e n  p o s s i b l e  t o  r e l a t e  t h e  ou'put v o l t a g e  
t o  b u b b l e  d i a m e t e r .  T h i r  was done  f o r  f o u r  d i f f e r e n t  b u b b l e  s i z e s  a n d ,  a s  e x p e c t e d ,  t h e  o u t -  
p u t  v o l t a g e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  b u b b l e  d i a m e t e r  ( i c e  F i g u r e  6 ) .  
E x p e r i m e n t a l  r e s u l t 8  
A 
1 I - D a t a  r e c o r d i n g  c o n d i t i o n s  and  a n t i c i p a t e d  e r r o r s  
Mearurement r  were  d i g i t a l l y  r e c o r d e d  on  m a g n e t i c  d i s c r  and t a p e r  t h r o u g h  a n  a n a l o g  t o  
183 
difiitrl converter combined with a mini-computer. In order to record only t~ie prerence of bub- 
bler pasring through the senring volume o f  the probe, an hardware voltage amplitude thresh- 
btd system was designed. 
Side effect errorr are porsible when a bubble ir only partially detected by the renring 
volame. Thir error is an increaring function of the ratio of the bubble volume (bared on 
the diameter kC) to the "renring'"vo1ume . IIA a firrt approximation thir error w a s  neglected 
(the maximum value o f  kd being 2 I x 5 0 0  - 2 5  Urn is to be compared with the 3 0 0  ~ m / 5 0 0  p m  
dimensions of t ) ~  senring v o 1 u m e ) F ~  more complete statistical derivation har been develo- 
ped by Avellan 
The error due the s i m u l t a n e o u ~  pasrage o f  more than one bubble in the detecting volume 
V has also been disregarded. The concentration is no small that the probability o f  finding 
more than one bubble at tte name time in the volume V is very lov. 
2 - Experimental conditions 
Experiments were carried out in the large air-sea interaction facility o f  the "Institut 
de MEcanique Stetistique de la Turbulence" (I. M. S. T., Hrrreille, France) 12.  B r e a king 
waves were produced by both wind blowing (at 14m/r) and s wave generator. The probe WA8 com- 
pletely immersed in the water to a depth o f  few centimeters below the throw of the wave. 
Data were recorded during a three hour period. Approximately 5 0 0  bubbler were detected. 
3 - Bubble rize dirtribution 
Voltage histogram and bubble aize dirtribution are shown in Figure 7 and 8 rerpectively. 
They are normalized by the exact total number of bubbles detected. 517, and by the voltage 
window widtn, 156 mv. On the bubble size spectrum, cinfidence intervalr have been reported. 
On the voltage histogram. larger bubbles. corresponding to valuer o f  voltage larger than 
8 volts, were not taken into account as the photomultiplier gain war purporely limited. 
Discusrion and Conclusionr 
These preliminary results show that such an optical probe can be used with succesr to 
determine the size spectra of oceanic air bubbler entrained i n  rea-water by wave-breaking. 
The first obvious observation is that very large confidence intervals exist in the data 
plot. This is due to the overly rmall detecting volume for a two-phare flov configuration 
with a very small concentration of bubbles. If it looks advirable t o  limit, even to reduce, 
the recording time, it is then necessary to increase the detecting volume widely. With such 
a configuration, a factor of 1000 timer larger for thir volume, i. e. of 10 on the linear 
sizes would be suitable. This would allow ones nbt only to decrease the duration of the ex- 
periment and to limit the rtatistical uncertainties but would alro drastically decreare the 
side effect error. In return. the coincidence effect could be increased, but could be earily 
tzken into account during data processing. 
It vould also seem necessary to improve the resolution of the probe towards the smaller 
diameters, e. g. less than 2 0 0  Um. This ir presently being done by rep lac in^ the hardware 
voltage threshold rystem by a roftvare one and by increasing the rensitivity of the photo- 
amplifier. The software data acquisition control alro allows one to record the tise intervals 
between bubble appearance in the "sensing volume" which subsequently giver more information 
one the two-?hare flow configuration. 
Thanks to thir first ret of experimental rerultr prerented above, new additional experi- 
ments have been performed with the benefit o f  cuch iaprovementr a8 o n  the probe characterir- 
tic8 and the data treatment. They were performed in the rame simulating frsility applying 
various wind conditions at various depths. They are prerently under processing. 
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Figure 1 .  Schematic reprerentation of the Figure 2. Phyaical mechanirms for ihe 
air-rea particulate exchanger. production of marine liquid 
aeroaolr. 
Figure 3. Schematic diagram of the optical F i ~ u r e  4. Optical probe vith detailr of the 
part of the probe. renring volume. 
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